As the quantum generation of electronics takes the stage, a cast of important support electronics is needed to connect these novel devices to our classical worlds. In the case of superconducting electronics, this is a challenge because the Josephson junction devices they are based upon require tiny current pulses to create and manipulate the single flux quanta which guide their operation. Difficulty arises in transitioning these signals through large temperature gradients for connection to semiconductor components. In this work, we present nano superconducting quantum interference devices (SQUID) with critical dimensions as small as 10 nm from the high-transition-temperature superconductor YBa 2 Cu 3 O 7−δ (YBCO). We integrate these nano-SQUIDs with nano-isolated inductively coupled control lines to create a low power superconducting output driver capable of transimpedance conversion over a very wide temperature range. Superconductive electronics (SCE) based on Josephson junctions could play a key role in delivering high-speed, low-power, high-performance, centralized and specialized computing. With demonstrated switching speeds of several hundred GHz 1 and energy dissipation on the order of 10 −19 Joules per transition 2 , single flux quantum (SFQ) logic 3 is one of the most mature and viable post-CMOS technologies. Unlike CMOS, which is based on electric charge, Josephson
junctions are quantum devices with operation based on the quantum mechanical wave functions of the superconducting electrons 4 . As a result, SCE can also offer new functionalities beyond conventional computing. For example, quantum computing with superconductors has flourished over the past two decades and could provide big breakthroughs in the factoring of large numbers 5 .
Quantum annealing processors based on SCE can efficiently solve certain optimization problems 6 .
Neuromorphic computing 7 and ultra-low power adiabatic reversible computing 8, 9 are other newly emerging computational technologies based on SCE.
In all of these SCE technologies, CMOS plays a key role in connecting the inputs and outputs of these cryogenic technologies to our lives at room temperature. SCE and Josephson junctions are low impedance (1-2 Ω) flux-based devices that rely on mA level current pulses for operation.
Where CMOS, on the other hand, are voltage devices requiring higher impedance millivolt level signals. Therefore there is a critical need for low power transimpedance amplifiers for matching SCE to room temperature electronics.
Furthermore, it is also highly desirable to operate over a wide cryogenic temperature range to move the power dissipation from 4 K or 10 mK (in the case of quantum computing) to higher temperature such as the upper 40 K cooling stage in typical refrigeration systems to lower the cooling power required for the system. SCE from ceramic high transition temperature (high-T C ) superconductors could fill this role, however these materials are notoriously difficult to process and breakthroughs are needed in device fabrication.
The most commonly studied high-T C superconductor (HTS) is YBa 2 Cu 3 3O 7−δ (YBCO). It crystallizes in a distorted perovskite orthorhombic structure. As a result the electrical transport is highly anisotropic and varies in every direction. The resistivty along the b direction is the lowest (∼ 100 µΩ·cm) and is 3 and 10 times higher along the a and c directions respectively 10 . Similarly the superconducting coherence length, ξ, is very short and anisotropic. Along the a crystalline direction ξ a is only 2 nm but even shorter along the b and c directions 11 . The poor transport properties along the c direction coupled with the fact that the highest-quality films have their c-axes' orientated perpendicular to the substrate motivates Josephson junctions with geometries where current flows in the a-b plane. Furthermore, the fabrication of vias and crossovers for the creation of multi-layer input coils and complex layouts are also very challenging and typically involve patterning and overlapping films etched at angles to make connections in the a-b plane 12, 13 . YBCO is very sensitive to heat and process damage which makes physical etching of feature sizes less than a few micrometers very challenging 14 . The recent development of focused helium ion beam (FHIB) direct-write nano-lithography of HTS materials opens up the door to novel devices with nanoscale geometries 15 because it does not involve removal or etching of material. In this work, we overcome many of the fabrication challenges associated with HTS to develop a high-transition temperature nano superconducting quantum interference device (SQUID) flux-to-voltage transimpedance amplifier that can operate over a broad range of parameters and temperatures. Our device lies entirely within the a-b plane of a single YBCO film, and occupies an area less than 1 µm 2 . The heart of our device is a high impedance (30 Ω) nano-SQUID. Nano-SQUIDs are robust to stray magnetic fields due to their very small areas, however this property also makes the coupling of flux into the SQUID from on-chip lines very difficult. In practice, it is hard to inductively couple magnetic flux into a nano-SQUID because the area is so small, a global large external magnetic field hundreds of times stronger than Earth's field is usually needed. In our design, we use FHIB direct-write lithography to place a control line just a few nanometers away from the SQUID. This close proximity allows for strong coupling because the field strength B is inversely proportional to the distance r from the current carrying wire, B ∼ 1/r. Nano-patterning of YBCO is accomplished using FHIB direct-write lithography. This technology utilizes a finely focused 0.5 nm diameter helium ion beam from a gas field ion source 16 .
The irradiation causes disorder in the YBCO lattice that at moderate doses (10 15 ions/cm 2 ) converts the material from superconductor to insulator 17, 18 . With this method, very fine sub-10 nm insulating lines can be written directly into the plane of a YBCO thin film to create Josephson junctions 15, [19] [20] [21] . To fabricate nano-SQUID transimpedance amplifiers, we began with 5 mm × 5 mm sapphire substrates commercially coated with a 35-nm-thick YBCO thin-film grown by reactive coevaporation 22 . The film was capped in-situ with a thermally evaporated 200-nm-thick Au layer for electrical contacts. Laser photolithography and Ar ion milling were used to pattern large circuit features into both the Au and YBCO layers. A second photolithography and Au chemical etch were performed to uncover the YBCO film in the centre of the substrate for FHIB directwriting as shown in Fig. 1a . The centre region was designed to contain four test structures, each containing a nano-SQUID integrated with a strongly coupled on-chip magnetic flux control line. The FHIB nano-SQUIDs are not visible using optical microscopy because of their small size and the fact that no materials have been removed in the direct writing process. However, excellent contrast between insulating and conducting regions can be observed with helium ion microscopy. Fig. 1c shows a scanning helium ion image of a nano-SQUID device after implantation. The altered electrical properties provide sufficient contrast to discern the nano-SQUIDs fabricated by FHIB. We also remark that regions where high dosages of helium have been delivered, can also be observed by atomic force microscopy (AFM), as shown in Fig. 1d . This is consistent with the findings of previous work involving helium irradiated silicon 23 . The high energy helium ions (or helium atoms after recombining with electrons and becoming neutral) become trapped in the substrate. When exceeding a dose threshold the helium coalesces and causes a local expansion or bubble that raises the exposed area. In the case of Fig. 1d , application of a helium irradiation dose of ∼8 ×10 17 He + /cm 2 to a YBCO on sapphire substrate changes the average height by ∼12 nm, or ∼30% of the thickness of the 35 nm thick YBCO film. The mechanical distortion together with the structural defects such as oxygen displacement and amorphization of the crystal likely contribute to the insulating properties of the film after high dose irradiation.
Several FHIB nano-SQUIDs with integrated control lines were written with square SQUID loops with side ranging from 900 nm to 10 nm with (300 × 2 nm) Josephson junctions to determine the optimum size for our transimpedance amplifier. After fabrication, I-V characteristics were measured in a liquid helium, dip probe with a three-layer magnetic shield. Subsequently, devices were DC biased slightly over critical current I C (∼1.2I C ), and a current I M was swept through the on-chip control line, which generated a relative strong magnetic field, and the voltage across the device was measured to examine V -I M . The process was found to be reliable and reproducible.
The data recorded for all of these devices is included in supplemental To characterize the coupling of the nano-isolated control line to the 400-nm square loop SQUID a current was swept through the control line and the voltage response of the SQUID was measured (Fig. 5a ), for several different values of SQUID DC bias currents (∼8 µA to ∼17.5 µA).
The shape of the characteristics and maximum amplitude of the modulation voltage V max were found to be in good agreement with that measured using externally applied magnetic field (Fig.   4b ). The mutual inductance M, between the on-chip control line and the main body of the nano-SQUID was calculated to be 0.067 pH by the relation M = Φ 0 /∆I, where ∆I is the amount of current needed to couple a single flux quantum into the nano-SQUID. The period of the control current, ∼31 mA ( Fig. 5a ) corresponds to approximately a field strength of 3.6 mT (Fig. 4b ) or a transfer factor of 8.6 mA/mT. For operation as a transimpedance output driver the SQUID was DC biased at ∼13µA and a flux of 0.1Φ 0 was applied to field bias the SQUID to the maximum transfer factor. A 3 mA input current was then pulsed through the on-chip control line generating an output voltage pulse of ∼ 0.35 mV, resulting in a transimpedance ∼0.1 Ω as shown in Fig. 5b . Because the control line is completely superconducting no power is dissipated in its operation. Power is dissipated in the junctions of the SQUID when they are in the voltage state but it is estimated to be only 9 nW due to the small bias current of the SQUID ∼13µA, compared to the power dissipation 3.1 mW of the recent developed cryogenic semiconductor trans-impedance amplifier ? .
Our findings demonstrate the nano-SQUID as a promising low power trans-impedance amplifier for connection of superconducting circuits to room temperature silicon electronics. Gas Lead acid batteries were used for the bias current and control current for the on-chip coils. The bias current was also filtered by a second order low pass RC filter working at low temperature.
The output voltage was amplified by a SR560 with a white noise 4 nV/Hz-1/2, then recorded by a Smaller nano-SQUIDs Nano-SQUIDs with 50-nm and 10-nm square SQUID loop were also made. Very large modulation voltage was observed as 0.8 mV at 4.2 K and remained as 0.2 mV at 40 K in the nano-SQUID with 50 nm square SQUID loop, as shown in Fig. S3 . The fluctuation of the curves may be caused by electronic or mechanical noise from physical property and measurement system (PPMS).
Noise properties
The optimal size of the square SQUID loop was found to be ∼400 nm, where the coupling of the on-chip coil is strong, the output voltage is high, the FHIB direct-write time is short (less than 1 minute), and the flux noise is small. The flux noise of a nano-SQUID was 
